Colored wastewaters are the most obvious contamination due to the very small amount of artificial dyes. Activated carbon and sludge are the conventional treatment technique for this contamination. This research proposed the alternative use of spent tea leaves of green tea (GT), decaffeinated green tea (DGT), peppermint (PM) and chamomile (CM). Batch equilibrium experiments were conducted at room temperature to determine the optimum conditions that maximize the removal of malachite green (MG) as a model dye. Results indicate that the adsorption is strongly driven by pH, reporting an optimum value at 6. For all the adsorbents, less than 150 mg of the tea leaves reached the maximum adsorption. The absence of salts and heavy metals also maximize the adsorption of MG. Isotherm models of Langmuir, Freundlich, Dubining-Radushkevich and Temkin were used to fit the data. Modeling indicates an adsorption trend of PM˃DGT˃GT˃CM and a maximum adsorption capacity of 69.7 mg of MG per gram of PM adsorbent. Finally, instrumental analysis such as scanning electron microscopy and infrared spectroscopy were used to characterize the physical and chemical properties of the adsorbents, demonstrating their good potential as adsorbents for the removal of MG from wastewaters. This study will promote further investigation on naturally-occurring biomaterials for their application on the decontamination of water resources.
Introduction
Environmental contamination is the incorporation of biological, chemical or physical agents in a medium at which they do not belong. Manhood has contributed to the environmental pollution from the beginning of its formation. However, the Industrial Revolution enhanced this contamination and nowadays the pollution levels are alarming. There are several industrial processes, especially in the chemical, textile, leather and other industries that generate liquid effluents with large amounts of contaminant agents. Amongst them, we find organic compounds such as artificial dyes.
Artificial dyes are widely used in the dying of fabrics, food, pharmaceutical and research. They constitute one of the greatest challenges for their treatment due to their visual impact, increasing organic content and toxicity. Activated carbon is the most effective adsorbent for the removal of this type of contaminants due to its high porosity, surface area, and surface chemistry. The development of new adsorbing materials with low cost is the biggest concern of the scientific community. The preparation of activated carbon involves chemical and thermal treatment that causes extra expenses. Therefore, the search of alternative raw and inexpensive materials is constant [1] .
Numerous studies have centered their attention to observing the adsorption capacity of biomaterials in their natural or modified forms (physical or chemical treatments) to increase their adsorption capacity. Activated carbons have been prepared from nutshells [2] , rice husks [3] , fruit seeds, and others [4] . However, raw materials have been left aside due to their low adsorption. This conclusion was made based on their adsorption of metals from wastewaters. Surprisingly, these raw materials exhibit high dye adsorption capacities [5] [6] [7] [8] . Ligno-cellulosic materials are composed by different types of polysaccharides, mainly cellulose and the presence of hydroxyl, carboxyl and amino groups can potentially adsorb polar compounds like artificial dyes.
Malachite green is a cationic dye (as shown in Figure 1 ). It has a positive charge that is delocalized in the entire compound by resonance. It belongs to the family of the triphenylmethanes and is amphipathic (behaves as a polar and nonpolar compound). Malachite green (MG) is widely used with coloring purposes and is discharged in water resources at low concentrations. These discharges affect the aquatic life and in humans, it can cause gastrointestinal irritation by ingestion [9] . In the industry, it is used as a dye for acrylic fibers, silk, wool and cotton. Some other industries that use MG as raw material are wood, paper and leather. Lastly, MG is also used in pharmaceuticals as a bactericide [9] . This project envisions the study of tea leaves from green tea, peppermint, chamomile, and decaffeinated green tea as alternative candidates for the removal of MG from aqueous solutions. These novel adsorbents are thought to become good alternatives to the use of activated carbon, and will represent a less expensive technique for the decontamination of water resources.
Experimental procedures

Conditioning of the adsorbents
Green tea (GT), Peppermint (PM), Chamomile (CM) and decaffeinated green tea (DGT) bags were obtained from a local market. Teabags were intensively boiled in tap water to discharge their characteristic color, smell and taste. The last rinses were done with boiling distilled water to eliminate any chemical residues such as salts and other soluble substances. Then, teabags were oven-dried at no more than 50°C for at least 24 h. Later, the teabags were cut and the leaves were crushed and stored in plastic containers until their use.
Dye solutions and quantification of MG
Malachite green was purchased from Sigma Aldrich (Reagent Grade) and used without further purification. Stock solutions of MG were made using distilled water and stored in the refrigerator. Experiments were carried out by dilution of the stock solution until reaching the desired concentrations. Amount of MG was quantified by its UV-visible light absorbance at 617 nm. Measurements were made by spectrophotometry using a microplate reader (Synergy4, BioTek). A calibration curve was elaborated to determine the residual dye concentrations.
Adsorption experiments
Batch experiments were performed at room temperature in an orbital shaker. Runs were done in duplicates and results were obtained by the average of their values. Samples were run with a control sample that had no adsorbent. Controls were used to compare the initial versus the final concentration after the adsorption. Polyethylene tubes were used for the batch experiments and sealed with parafilm to avoid any leakage. Several parameters were explored to optimize the adsorption of MG on the tealeaves. pH, adsorbent mass, dye concentration, salinity, and presence of heavy metals were studied.
Characterization of the adsorbents
These adsorbents will be compared with activated carbon; therefore instrumental analysis was performed to determine the most important physical and chemical properties of the four adsorbents. The texture and morphology of the adsorbents was observed by Scanning Electron Microscopy, using a TableTop Microscopy, TM3000 (Hitachi). Samples were directly observed in the microscopy without any conductive gold film. Finally, the chemical characterization was done through Infrared spectroscopy. This technique determines the organic functional groups that are present on the adsorbent's surface. A FTIR Spectrum 100 (Perkin Elmer) was used and scans were collected from 4000 to 400 cm -1 wavenumbers.
Statistical treatment of the results
The amount of the adsorbed MG onto the adsorbents was expressed as Adsorption Capacity (q, mg/g) and calculated as shown in equation (1):
where m is the mass of the adsorbent expressed in g, V is the volume of the solution in L and C i and C eq are the initial and at the equilibrium concentrations of MG expressed in ppm (mg/L), respectively. Alternative dye quantification was done using Adsorption Percentage (% Adsorption) which follows the Equation (2):
Mathematical and statistical treatment was done with excel (Microsoft) and Origin v5.0. Linear regression was used in the adsorption isotherm analysis.
Results and discussion
Adsorption experiments: pH effect
The role of the pH on the adsorption of MG was studied from 2 to 8. Higher pH values were not explored because of the low probability of finding contaminated water with such alkalinity. This study tried to closely resemble the situation of real wastewaters. The results of these experiments are shown in Figure 2 . According to these results, it can be concluded that PM shows the strongest adsorption efficiency (around 95%) when compared to the other adsorbents. Conversely, CM (50%) is the weakest adsorbent of MG at the same experimental conditions. Likewise, all the adsorbents show the same curve type with increasing adsorption at increasing pH values. All the adsorbents reached the maximum adsorption at pH 6. This value is very close to the real wastewater, indicating that this alternative method by adsorption could be used in the treatment of real wastewaters. It can be postulated the reason why the adsorption occurs at this pH range is due to the chemical groups that are present on the adsorbents. Since they all belong to the same biological origin, it is reasonable to observe similar behavior [10] [11] [12] .
Adsorption experiments: mass effect
Scaled-up processes for industrial applications need an optimization of the adsorbent dose to be used in the decontamination of the dye present in the solution. For this purpose, different masses of the adsorbents were studied with the same dye solution to determine the minimum amount of tea samples that is needed to observe the maximum adsorption. According to the results in Figure 3 , PM confirms its superiority, reaching almost 100% removal with only 75 mg of adsorbent, followed by DGT and GT, both with 100 and 150 mg, respectively and finally CM with an optimum mass of 200 mg. The adsorption is greatly reduced at low masses due to the few adsorption sites that are available for the removal of MG. At high adsorbent masses, most of the dye has been adsorbed and therefore it is more difficult to remove the remainder of the pollutant and the process reaches a plateau [13, 14] . 
Adsorption experiments: concentration effect
Every adsorbent reaches a saturation level, at which no more adsorbate can be adsorbed on the surface of the materials. Figure 4 shows the concentration dependence of the adsorption for the four adsorbents. From the results, PM achieves a very high adsorption capacity (q), whereas DGT, GT and CM show about the same adsorption capacities. A common feature that can be indicated is that all the adsorbents reach a saturation level. The experimental results were fitted to the conventional isotherm models of Langmuir, Freundlich, DubininRadushkevich and Temkin [12, [14] [15] [16] . Modeling results are shown in Table 1 . Isotherms allow us to calculate parameters with a physical meaning. For example Langmuir provides us with the maximum adsorption capacity (q max ) of a given adsorbent. For MG, the adsorbent PM reports the highest q max = 69.8 mg of dye per gram of adsorbent. 
The adsorption capacity can be ranked as follows: PM˃DGT˃GT˃CM. Freundlich model determines the k F constant that is associated with the binding affinity. This parameter also shows a trend that is similar to the previously observed q max , previously observed. Finally, the Dubinin-Radushkevich model calculates the adsorption energy, one of the few thermodynamic parameters that can be calculated using equilibrium experiments. In this case the energies follow the trend: PM˃GT˃CM˃DGT. This adsorption energy is correlated to the strength of the adsorbent-adsorbate interaction. All the values indicate a physical adsorption, mostly due to weak forces like dipole-dipole, hydrogen bond and dispersion forces.
Adsorption experiments: salinity effect
Salt has a strong effect on the adsorption as any charged substance is attracted to the opposite pole. Figure 5 shows the salinity effect for the four adsorbents. As observed from the results, all the studied salts have a negative effect on the adsorption. For this study, NaCl, NaNO 3 and Ca(NO 3 ) 2 were chosen due to their strong electrostatic properties. Surprisingly, amongst these salts, calcium nitrate reports the strongest negative effect. Apparently is due to its stronger positive charge that might be interacting with the adsorbent's surface by electrostatic interactions. Moreover, it is important to highlight that CM and PM were the adsorbent the suffered the effects of salinity in a smaller proportion. GT and DGT decreased their adsorption to almost 50 and 30%, respectively. This property might be related to the organic composition of the tea samples as they will be studied later with FTIR spectroscopy.
Adsorption experiments: heavy metal ions effect
Wastewaters are a mixture of compounds, from inorganic to organic compounds. The purpose of this experiment was to evaluate the effect of larger ions such as heavy metals in the adsorption of MG. Biosorbents have proved to be excellent heavy metal adsorbents and a strong competition is expected when mixed with dye in the same solution system. Figure 6 shows the negative effect of heavy metals such as copper (II) and lead (II) ions on the adsorption of MG for all the adsorbents. From the results, we can observe that DGT is the most affected adsorbent by the presence of the heavy metals. This might indicate a preference of DGT towards heavy metals rather than MG. PM seems to resist the presence of heavy metals and decreases the adsorption of MG but in a smaller scale. This competition could be a response to the functional groups that are present on the adsorbents' surface. It has been demonstrated that carboxylic acids are good adsorbents for heavy metals. This will be confirmed by FTIR analysis. Heavy metal ions effect on the adsorption of MG by the four adsorbents.
Adsorbents characterization
Scanning Electron Microscopy (SEM) was also utilized to characterize the adsorbents. analysis of the surface indicates a very similar structure in DGT and GT. This is understandable as they come from the same plant; the only difference is the decaffeination process, where the normal GT is placed under high pressures or supercritic fluids for the extraction of caffeine. On the other hand, CM shows a rather more uniform surface amongst the other adsorbents. This might be associated with its smaller adsorption capacity. Finally, PM presents a heterogeneous surface but at the same time the presence of small separations on the surface. It would give the impression of narrow furrows or wrinkles. These narrows could house the dye in a very secluded area where spontaneous desorption could be prevented and MG is fixed on the surface. Finally, FTIR analysis was also run on the adsorbents to explore the presence of important functional groups that might be relevant for the interaction with MG. In biosorption, the most important functional groups are carboxyl, amino, hydroxyl and thiol groups due to their high nucleophilicity. Carboxyl group is perhaps the most important as it has a stronger affinity towards heavy metals. However, considering that dyes are amphipathic compounds, less polar functional would become more relevant like amides and hydroxyl groups [11, 14, 15] . Figure 8 shows the FTIR spectra of the adsorbents. The results indicate that the four adsorbents share the same functional groups. We can identify hydroxyl groups by that broad peak around 3300 cm -1 . Alkane C-H vibrations can also be identified in the adsorbents at a wavenumber of 2900-2990 cm -1 . Carbonyl groups are also observed in the spectra at 1630 cm -1 . The combination of a carbonyl and a hydroxyl group can potentially indicate carboxyl groups. The difference between the adsorbents could be explained based on the peak intensities of the mentioned functional groups. For example GT and DGT show a higher alkane content, indicating their more hydrophobic nature by the presence of aliphatic chains. CM and PM present small alkane peaks and we could conclude a more polar behavior. On the other hand, CM shows a relatively small carbonyl peak. This might explain its low adsorption that is attributed to the decreased presence of carboxyl groups or even carbonyl groups that can potentially form hydrogen bonds or dipole-dipoles with MG. GT has a strong carbonyl peak, indicating a possible increase in the number of carboxyl groups on its surface. A strong peak in the hydroxyl group, observed in CM and GT might be an indication of high cellulose content. Cellulose is a polysaccharide and therefore has many hydroxyl groups. Unfortunately, cellulose is not known as a great adsorbent. However, it can be the scaffold of other functional groups, so its presence is important in some aspects. PM does not show an intense hydroxyl peak, and it could be postulated that most of the hydroxyl is forming part of carboxyl groups that have a high affinity towards pollutants [9, 12, 13] .
Conclusions
The adsorption of an artificial dye onto spent tea leaves has been studied as an alternative to the use of activated carbon. Industries are in dire need of new decontaminating technologies. Raw materials like spent teas offer the low cost and maintenance for their use in the adsorption of dye. Malachite green (MG) is widely used in many types of industries. The removal of MG was explored using the spent teas of peppermint (PM), green tea (GT), decaffeinated green tea (DGT) and chamomile (CM). The results indicate a positive adsorption capacity. The order of the adsorbents according to their adsorption capacity is PM, followed by DGT, then GT and finally CM. Results were modeled by Langmuir, Feundlich, Dubinin-Radushkevich and Temkin theories. Calculated parameters indicate that PM is able to remove up to 69 mg of MG per gram of adsorbent. Other parameters like adsorbent dose, salinity, and presence of heavy metals have a negative strong effect. Finally, the characterization of the adsorbents indicates a heterogeneous surface as shown by SEM and FTIR analysis shows a diversity of active functional groups that are able to adsorb medium polar compounds like MG. This project has satisfactorily concluded with the proposal of these raw tealeaves as potential adsorbents of dye such as MG. Their physical and chemical properties are comparable with activated carbon and become an inexpensive alternative for the decontamination of color-containing solutions.
